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INTRODUCTION

The basic objective of this work Is to help solve corrosion problem

-on aircraft vith the application of electrochemical techniques. Specific

objectives include the determination of the maso transport properties,

mechanism of corrosion initiation, and inhibitor leaching rate of various

Navy paints. The paints received from MADC for this study are identified

in Table 1.

The program has been divided into three phases or tasks. In the first

phase the physical and transport properties of the paints listed in Table I

were to be determined. The transport properties include vater permeability

and solubility, ionic diffusivities and transference numbers, and other

mss transport parameters required by the mathematical models. The first

phase proceeded as originally conceived and is substantially complete. The

second phase of work has also begun. In the second phase. an attempt is

being made to quantitatively understand mass transport in paints through

the use of mthematical models. Several mathematical models have been

developed and tested. It is apparent from this analysis that a wide

range of meass transport behavior is exhibited by paints of interest to the

Navy and that the transport property exhibiting the greatest influence on

corrosion is a function of a number of physical parameters, Seometry, and

time. The third phase is correlation of the model results with field

performance of paint system. It is contingent upon the successful completion

of phase two.

SUIOIARY

Phase one is now substantially complete; the mss transport properties

have been determined. Adhesion teats were unsuccessful and have been

discontinued. Phs e two is currently is progress. A detailed mthemstical

model of the transport mechanism in paints wes developed and tested. The

results showed even more complex transport behavior then we originally

o envisaled.

- i.
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TABLE 1

Paints with Physical Properties

Given In this Report

ETC
liii Spec. Under Color Designation

Code

I. Paints delivered by NADC

IIIL-C-83286 I polyurethane troy, flat lP-PUt

1MIL-C-83286 polyurethane white, glossy GP-PUl

MlL-P-23377 D epoxy polyauld yeliow YP-Epoxy

MIL-C-8054 silicone alkyd clear WD 2
AIL-P-85658 silicome alkyd (a) white WD??

1I. Reference paints from prior contract work (b)

MIL-C-83286 polyurethane (c) clear O-PUR

MIL-C-81773 B A/S polyurethane (d) clear *-PUt

(a) Same binder as 61) 2 but with added pigment.

(b) See Ret. 4.

(c) Desoto. Inc., Chmical Coatings Div., Berkeley, CA (Hets Boeing
Materials Specification 3MS-lO-6OD-TVII).

(d) Formulated at ETC (Rf. 4).

U.
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A second mathematical model has been developed based on the original

model and experimental results. Certain aspects of the complex mass transport

behavior of paints have been simplified in this model. The effects of the

aluminum oxide on the aluminum substrate have bee included in the expressions

for the electrochemical reaction kinetics. The kinetic expressions are also

simplified models of real behavior. Although this model incorporates many

simplifications., it Is anticipated that the essential characteristics of the

corrosion mechanism have been retained. If the model can be confirmed by

correlation with corrosion tests it can be used to prescribe the characteristics

of the coating system which determine its corrosion performance. It is

anticipated that the relative importance of various transport properties will

depend on the geometry and other physical properties of the corrosion cell.

Once the physical properties have been specified and the relative importance of

the transport properties assessed, the relative merits of various coating

system will be evaluated.

The development of the mathematical model partially completes task two

of the work statement. The transport of mobile species in the paint has been

modeled and a computer program is available; however, it has been determined

that the model must include surface reaction kinetics as well in order to

accurately describe the corrosion process. Experiments have not been conducted

to determine the kinetic parameters. The mathematical model has not yet been

correlated with corrosion experiments; this work constitutes task three of

the work statement.

EXPERIMENTAL RESULTS AND DISCUSSION

Hittorf Experiments

Hittorf experiments were performed to determine the transport properties

of ions and water in paint film. The film were prepared by spray painting

sheets of decal paper. When the paint had dried, the paint film could easily

be removed from the decal paper by soaking in water. Detached paint film

prepared in Chis manner ha.e been termed "free film."

ltctorf experiments were conducted in sodium chlortde solution to

determine permeability coefficients and transferece n ers of sodium and
22

chloride tons and water through free film of paint. tadiocracers ( Na or
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3 C1) were Aaed to determine the flux of the appropriate ion across paint

membranes. Tritiub ( 1) was used to trace the water flux. The basic

Iittorf experiment consists of measuring the fluxes of the mobil species

which pass through the paint film from one aqueous solution to another.

.The two aqueous solutions were identical except that one contained radiotracers.

Figures I and 2 show how the rodiotracer activity in the solution originally

devoid of tracers (top solution) changed with time. In this experiment

two different applied voltages were tested. Figure 3 shovs a linear relation-

ship between the sodium and the total charge passed through the membrane,

despite the fact that the current density varied more than a factor of

two over the course of the experiment.

Hittorf experiments were conducted with all paints listed in Table 1.

Attempts were made to complete experiments with WD-2 in 1.0 N NaCl solution.

but these attempts repeatedly failed because of the physical properties of

this coating. All Hittorf results are presented in Appendix A and a summary

is presented in Table 2. (Corrections were made to some of the data previously

given in quarterly reports.)

The Hittorf results show considerable variability in many of the

transport properties. The conductivity and ionic permeability coefficients

show order of magnitude variations between specimens as well as large

changes with time. The source of these variations has not been determined.

but if the classic theory is adopted they must represent changes in either

the ion solubility or diffusion coefficient. The relationship between

permeability coefficient, diffusion coefficient, and dimensionless solubility is

P a DS (1)

The data obtained here were insufficient to determine if the changes in

permeability resulted primarily from variations in either the diffusion

coefficient or the solubility.

Table 2 shows the arithmetic average transference nmbers and the

geometric average conductivities obtained In Elttorf experiments. One

4F interesting result illustrated tn Table 2 Is that the transference numbers

" of sodig and chloride los do not sum to unity. It Is generally assumed

that coatings imrsed in aqueous odim chloride solution wii transfer

charg by ionic migration of sodium and chloride Lane. Clearly this assumption

is sot accurate for mey paints. The standrd deviation of transference

7
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Table 2

Average Transference Numbers of Sodium and Chloride

in Paints in Aqueous Solution at 250C

.atC Average Transference Number Average dc
Paint Conc. t. t+ t+t+ Conductivity

O-PUR 0.1 0.31 0.1.1 0.72 4.1 x 10" 11

N-PLR 0.1 0.20 0.162 0.62 4.x 10" 10

FI'-PLR 0.1 0.12 0.48 0.60 1.9 x 10-9

1.0 0.20 0.29 0.49 1.2 x 10"
8

GP-PUR 0.1 0.13 0.54 0.67 6.x 10" 12

YP-Epoxy 0.1 0.40 0.14 0.54 2.8 x 10-7

1.0 0.59 0.28 0.87 2.1 x 10-6

61DPT 0.1 0.11 0.56 0.67 l.x l0- 7

1.0 0.38 0.44 0.82 3.0 x 10
-8

61'-2 0.1 0.63 0.33 0.9 5.x 10-

'Ir
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numbers obtained In duplicate experimnts is about 0.1 and it my be

ssumd that the error in the sum is about 0.2. Seven of ten entries in

Table 2 therefore show that a significant portion of the current is not

.carried by sodium and chloride. In another study a larger nu. er of experi-

mento were performed with O-PUn. Statistical analysis of those data showed

that the sum of the transference numbers for sodium and chloride is

significantly less than unity. This finding was confirmed here for six of

the seven paints tested in 0.1 N IaCI solution (Table 2), but for only

one of three paints tested in 1.0 N aCI solution.

The fact that sodium and chloride do not carry 1002 of the current

raises the question of which species carry the reminder. This question

has been addressed in previous reports but has not yet been resolved.

YP-Lpoxy presents a special case. This primr contains a soluble Inorganic

Inhibitor. SrCrO.. Strontium chrouste composes about 522 of the costing

mass (1) and has a solubility In water of about 4 x 10" m. It is therefore

expected that Sr* 2 and CrO ions carry some current, and that the fraction

of current carried by these ions increases as the sodium chloride concentration

decreases. This type of behavior is observed, as shown in Table 2. It is

possible that pigments In other paints provide a source of ions. but more

study will be required to clarify this point.

Another possible source of ions is the production of hydrogen and

hydroxyl ions in the paints by water splitting. Such a process is known to

occur in llute boundary layers near membranes and electrodes (2). Since

the solubility of sodium chloride in paints is low, paints Imrsed in

aqueous electrolyte can be considered as dilute solutions In which water

splitting takes place. Another possibility is simply that hydrogen or

hydroxyl ions have a much higher solubility in paints than do sodium and

chloride. The ion solubility experiments discussed later in this report

tend to support this hypothesis.

If hydrogen and hydroxyl ions do carry part of the current then the pH

of both solutions adjacent to the membrane should change in Bittorf experiments.

Changes in pN have been observed, but no trends have been noted. as would be

expected If water splitting occurred. Most of the Ulttorf experiments require

everal weeks to complete, and the expected pH changes are smell so that some
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secondary process my be masking the effects of rater splitting. It Is

therefore not yet possible to identify the ions other than sodium and chloride

which carry current in these paints.

Table 3 presents a suimary of the average transport properties of

seven paints. The tabulated concentrations of chloride and sodium in the

paints are the results of Ion solubility experiments discussed in a later

section. The permeability coefficients which are tabulated are the

geometric means of normalized permeability coefficients. The normalization

was performed to reduce time dependent scatter in the data. It was observed

that the conductivity of paint membranes varied with time in the course of

a single Hittorf experiment, and that the ionic permeability coefficients

also changed in a corresponding manner. This type of behavior would be

expected if the coating had been tested in several solutions with different

s odium chloride concentrations, but it was not expected in individual Hittorf

experiments. It was therefore decided to normalize the permeability

coefficients obtained, not only in single experiments but also for different

experiments. The normalization factor use based on coating conductivitiy

according to the equation

PkP n e_.e (2)
n kAve

P n the normalized permeability

Pe the experimental permeability

k e the experimental conductivitye
kAve * the geometric mesn conductivity.

Each apparent diffusivity listed in Table 3 was calculated from the corres-
ponding permeability coefficient and solubility according to Eq. 1.

The flux of a species througb a membrane can be vritten as

1P -F At-P 3
i PL i I L

A* the chaee in dimesaionless potential across the membrane a * e.
-~I I

L mebrme thickness

* coeceitrattem is the eUsOe electrolyte t equilibrum

vith the wmrme.

13
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Equation 3 is based on two assumptions: the diffusivity is a constant, and

the dimensionless concentration Is a constant. It i clear from Eq. 3
that. for a given vet of circumstances, the flux of the mobile species

is proportional to its permeability coefficient.

The time required to reach a steady state condition depends on the

diffusivity not the permeability. The time constant for diffusion is

In practical applications both the time constant and the steady-state flux

are important. Table 4 shove how the six paints studied here rank with

respect to both the permeability coefficient and diffusivity. The paints

are ranked in order from I to 6 with I being the minimum value of permeability'

or diffusivity and 6 being the maximum value. According to these results

GP-PLR should provide the best protection both in terme of time required for

ions to penetrate through the coating to the metal surface and in terme of

the maximum flux of ions which can flow. If the permeability and diffusivity

are of equal importance in a given application then the paints can be scored

by summing the four entries in Table 4. The results of this procedure are

shown in Table S. This procedure illustrates one way the experimental data

can be used to rate coating performance, but to be of practical value an

appropriate weighting factor must be applied to each parameter (diffusivity

or permeability). The weighting factor will describe the relative importance

of each parameter in the particular environment in which the paint will be

used. For example, the diffusivity is of little importance if the paint was

applied over a dirty surface contaminated with sodium chloride. Also the

results in Table 5 apply to single-coat systems. and would therefore not

apply to two-coat system such as GY-PUt over YP-Epoxy. These results

do however show the kind of ranking procedure which could be employed once

the use and physical conditions the coating will be subjected to have been

specified.

SrCrO6 Leaching from TP-9poxy

Lamching experiments were conducted vith TP-Eoxy. A weighed specimen

of paint we placed t SO mL of vsll-stir ed distilled water. Periodically

15



?MADC-8i.107-60

Tabi 1*

Relative &&*king of Sodium Chloride Trasport

In Paints Exposed to 0.1 W WaCi Solution at 25*C

Rank Permeability Diffusivity
Cl me Cl Na

I GP-PUR CP-PUR CF-PUN CF-PUN
0-PUN 0- PUN 0-PUN F P-PIUN

3 w-PNR 4-PUN VP-PUN 0-PUR
is P-PUN FP-PUN WDPT IJDPT

5 IEDPT WDPT YP-Epoxy YP-Epoxy

6 YP-Epoxy YP-Epoxy N-PUN N-PUN

Table 5

Total Score of Paints Listed

In Table 4'

Rank Paint Total

1 CF-PUN 4a

2 O-PL'R 9

3 FP-PUN 13

'a N-PUNt is
5 VDPT is

6 Y?-Epowcy 22

F10
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300 L of the solution were vithdrawn and a 200 uL portion of this sample

was added to 25 aL of distilled water. Then the electrical conductivity of

the resulting mixture was determined. The conductivity obtained in this

way wa subtracted from the conductivity of the original 25 mL of distilled

water which was determined Immediately prior to the addition of the 200 wL

sample. The time constant for diffusion of inhibitor out of YP-Epoxy was

about 1000 a. Assumlng the leaching rate is controlled by diffusion in the

paint. a diffusivity can be calculated from the time constant and the paint

thickness (about 150 a). The diffusivity calculated in this manner Is

9 x lo- 10 ca2 /s). This compares with the diffusivity of NCI: 7 x 10 10

c2 /s. The diffusivity of KaCI was estimated from permeability coefficients

obtained in Hittorf experiments and solubilities obtained by using radio-

isotopes.

Humidity Chamber Experiments

Vater Solubility

A crystal oscillator apparatus was used to determine the solubility

of water in paints. A detailed description of apparatus and procedure are

given in Appendix B. Typical results are shown in Fig. 4 as mass of water

absorbed per kilo Pascal of water pressure versus the esse of paint applied

to the quartz crystal. The slope of the curve represents the solubility

of water in GP-PUR. The solubility of water in GP-PUR exposed to partial

pressure of water of 3.52 kha at 31.60C was 0.028 g-H20/g-point. The data

in fig. 4 have a significant negative intercept which may indicate some type

of error or curvature in the oscillator's frequency response as mess is

added. Another possibility is that the solubility of water is a function of

coating thickness.

The solubility of water in the paints examinsed here i summarized in

Table 6. These results are based on the slopes of the least-equares lines

through data similar to that shwm is Fig. 4. Thee results show that the

solubility is relatively constant for all the paints tested. TP-9poxy

exhibits the lowest solubility partially because of the large volume

fraction of dens solids and partially because epoxies sorb little water.

G€-PU3 exhibits the greatest water solubility. The solubility of water in

GC-FUt, on a pigost-free basis, is about 2.4 times that of "mpigmated N-fli

(3). Sine the ptgmsts are smerally ioergsic erystalline mterials with

17 ..
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Table 6

Average Transport Properties of Water

in Paints at 300C

Permeability Diffusivity x 10
9

10
Paint Solubility Coefficient x 10

.I 2 - (€'21/ ) U 2/ )

()-Pant ) cm)(

O-PUR 5.6 4.0 15.

N-PUR 6.7 3.6 11.

GP-PUR 7.9 5.6 11.
irP-PUit 8.0 10.9 21.

YP-Epoxy 3.7 2.0 7.1

WDPT ,.0 5.4 19.

W02 5.8 1.00 3.5*"

* Data obtained with crystal oscillator apparatus

Calculated from P - DS

Iq
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low solubility in water it i unlikely that a significant volume of water

is incorporated into the pigment particles themselves. These data therefore

indicate that the pigment interacts with the binder in some way to enhance

the solubility of water. Water has been shown to concentrate near some

paint-metal interfaces (4-6). Perhaps a similar phenomenon occurs at the

paint-pigment interface. In any case it is apparent that pigments hove a

great effect on the solubility and thormodynamics of vater in paints.

Water Diffusivity

Analysis of the time transient data obtained with the crystal oscillator

apparatus provides diffusivities of water in the paints. Average diffusivities

of water in five different paints are shown in Table 7. Nore detailed

results are presented in Appendix S. Diffusivitiem obtained with the crystal

oscillator apparatus are also shovn in Figs. 5-7. These results show that

the diffusivity is in general a function of water concentration. or water

activity in the paint. The diffusivity of water in the three paints

Illustrated here tends to decrease as the activity of water increases.

This same trend was found previously for unpigmented polyurethe coatings.

?-PUR and O-PU:R. but the effect was more pronounced in the unpigmented

materials (4). The effect of coating thickness was also greater with

unpigented paints. Both O-PUR and N-PUR show a significant increase in

apparent diffusivity with increasing thickness when the coatings are thinner

than about 10 we. The diffusivities obtained with thick membranes in littorf

experiments did not depend on thickness. The average diffusivity obtained

from Hittorf experiments is also shown in Figs. 5-7. These values were

obtained by dividing the permeability coefficients obtained In Hittorf

experiments by the dimensionless solubility obtained with the crystal

oscillator. The littorf diffusivities are generally greater than those

obtained with the crystal oscillator. This result was assumed to be due to

the fact that thicker mmbranes were used in Iittorf experiments, but it may

als be related to differences In experimental conditions or membrane history.

The data obtained with the husidity-chambel apparatus sugest a number

of lesoralisatims. The absorption isothrms of individual paint specimens

are adequately represented by Nenry's law. Same curvature of the isotherms

my be present, but the error Introduced by the Nenry's law approunlmtion to

20
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Table 7

Average Diffusivity of Water In Paints at 30C

Exposed to a Partial Pressure of Water Equal to 3.5 kPa

Paint 5

(cm 2/s)

FP-PUR 3 x 10
- 9

GP-PUR 1 X 10-
9

YP-Epoxy 5 x 1010

O-PLIt I x 10
- 9*

N-PUR 8 x 10
10 *

* Sample thickness approx. 2 .m

e Sample thickness approx. 4 in

jr-
-j -
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smaller than other uncertainties inherent in these experiments. In general

the solubility data are more reproducible than the diffusivIty results.

The average solubility depends on the coating thickness. This effect can

be interpreted as either a variation in solubility with position in the

coating, or as a result of two different phases absorbing different quanti-

ties of water (4). In addition to the effect of thickness, the solubility

also depends on temperature. The diffusivity is a function of temperature,

water concentration, and coating thickness.

These results explicitly show the complex nature of diffusion and

sorption in paints. It Is expected that other solutes will exhibit similar.

equally complex behavior, but some simplification is possible if it can be

assumed that the temperature and water concentration are constant. This

is a reasonable assumption for isothermal exposure to an electrolyte of

fixed concentration, as in a standard salt spray test. Table 6 shows typical

values of the transport parameters for water in paints. It is interesting

that the three different parameters each fall in relatively narrow bands.

Presumably this result is a consequence of the function these paints have

been formulated to perform.

The results shown In Table 6 are representative of what one might find

in a salt spray test. Under these conditions water quickly penetrates

the coating and is present at unit activity near the paint-metal interface

in a few minutes. The time constants for diffusion of water cover the range.

20 m, L 2D 120 a, for a 50 we thick coating. The maximum water flux for

50 in thick coatings has also been calculated. The flux ranges between

1.1 x 10-9 mol/(cm 2.a) and 1.2 x 10"e ml/(c 2.s). Assuming two electrons

per water molecule, the corresponding current densities are 2.2 x 10
-4 A/cm2

and 2.4 a 10 " 3 A/cm2 respectively. The average corrosion current for aluminum

in a solution with pH equal to three is about 1.5 x 10"6 A/cm 2 (7-9). Thus

water diffusion is not generally a rate limiting step in the corrosion process,

4V but it could become rate limiting in a corrosion cell where the local corrosion

rate is orders of manitude greater than the average.
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Solubility of Sodium and Chloride in Paints

The solubility of chloride &ad sodium ions in paints was determined

with radiotracers. First a known mes of paint was equilibrated with 2 mL

of 0.1 N NaCI solution containing a known activity of either sodium-22

or chloride-36. The paint relined in this "hot" solution for approximately

three weeks. The temperature was 25*C + 3C. Next the paint wa removed

from the "hot" solution and briefly rinsed in three separate 0.1 N MaCI

solutions containing no radiotracers. The paint was then allowed to equil-

ibrate with 2 ml, of radiotracer-free 0.1 V NaCl solution. Periodically

10 A samples were withdrawn from this solution and analyzed for radlotracer

content. The solubility of the radiotracer species was calculated according

to the formula

C V2C2 C2 (6)

where C - concentration of radlotracer speciesP
(Na or Cl) in the paint, mol/

V2 - the volume of the leaching solution, cm
3

C2 - the concentration of radiotracer species in the leach

solution. ml/cm
3

M a mea$ of paint, a
P

C a equilibrium activity of radtotracer in the "hot" solution, wCi/cm
3

* 3
C2 s equilibrium activity of radlotracer in the leach solution. 6Ci/cm

The concentration of sodium and chloride in paints exposed to aqueous

electrolytes is shown In Table 8. No data were obtained with WD2 because

the free film made of this brittle material cracked and crumbled into may

small pieces. Mayne and ethers have suggested that paints exhibit ion
4 exchange properties (10-16). These properties result from a Large excess of

one type of bound charge. The ratio of the concentration of chloride to that

of sodium to shown in Table 8. In no case is a large excess of one charge

type found.
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According to the theory of ion exchange membranes, sodium and chloride

should be present inside the mmbrane as either colons or counterions.

Donnan exclusion should govern the absorption of colons. figure 8 shows the

qualitative behavior of both types of ions in ion exchange materials The

concentration inside the membrane is C. The concentration in the external

aqueous electrolyte is Cb. and Ca is the excess fixed charge which Is bound

to the membrane. Figure 8 shows that the dimensionless solubility (C I/Cb

of colons increases as the concentration of electrolyte In the aqueous

solution Increases. The dimensionless solubility of colons asymptotically

approaches zero at low aqueous concentration and a higher value at high concen-

tration. At any concentration (Cb ) the value of the net fixed charge is

equal to the difference between the counterion and colon concentrations.

The data illustrated In Table 8 do not conform to the Donnan-exclusion-

ion-exchange-membrane theory. Sodium and chloride solubilities both increase

with increasing NedC concentration for N-PUR. An opposite trend Is observed

with YP-Epoxy and WDPT. With FP-PUR and GP-PUR in NaCl one of the solubilities

increase and the other decreases, but the chloride to sodium ratio is both

above and below one for both these polyurethanes. This behavior is prohibited

by the Donnan theory of ion exchange membranes. We therefore conclude that

none of the coatings tested behaves as a classic ion exchange membrane.

Neither do these paints behave as ideal homogeneous phases. In this case

we would expect to find the concentration of both sodium and chloride in the

paint phase governed by mass action; i.e., the dimensionless solubilities

of both sodium and chloride would be constant and equal. We therefore

conclude that some strong specific interaction occurs in the paint phase.

The specific interaction could be between any two of the four major components

of the paint phase: sodium, chloride, water, or polymer. The electrostatic

interaction between an ion exchange membrane and mobile ions is one type

of specific interaction, but the data indicate that this phenomenon is

not a primary consideration in these paints.

One po"ible type of specific Interaction which has been considered In

this study is ton association. This association aesults whe the dielectric

constant of the solvent (point) becomes so low that the attraction between

..... ....
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Cournterions

Coon

0
C b/Cm

fig. 8. Theoretical concentrations of coloas and counterions in ideal
LonexchanSe mbruane.
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ions can overcome the effects of entropy and solvation. The ion association

theory of Fuoss (15) was tested to see if it could explain the experimental

results. The theoretical results vere in qualitative but not quantitative

agreement with the experiments. The theory did suggest strongly that ion

association occurs in paints. One limitation of the Fuoss theory Is that

it assumes the solvent (paint) is homogeneous, has uniform dielectric

constant. and lacks any other specific interaction with all solute species.

These assumptions are reasonable for many fluid solvents but are undoubtably

invalid for some solids like polymers. It is therefore concluded that: ion

association probably occurs In paints, and that there is some specific

interaction between the polymer and the "ionic" solute species, but the

exact nature of the specific interaction is not yet known.

Density of Point Film

The densities of a number of paint film were determined by weighing

specimens in air and under water. The results are listed in Table 9. It

is clear that the pigments contribute a significant traction of the weight

to some of these films.

Averale Water Permeability in Thick Paint Film

Experiments were continued to determine the average permeability

of water in coatings. The diffusion-cup method (ASTh E-96 procedure BW)

was used. The water flux through filmas of paint was determined by recording

the rate of weight loss of the diffusion cups. The everage permeability

coefficient P yes then determined from the equation

p L (7)
C

where P w average permeability coefficient, cm 2/s

L w paint film thickness, cm
2

J - water flux, mol/cm .a

C 0 water concentration inside the cup. mel/cm 3

The permeability coefficient, P, depends on the diffuaivity and the

dim oleoleoe oolubility (16)

The seleb lity Le del t.d
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TABLE 9

Paint Denelt ies

Number of Standard

Pa Iw tDsty Spec imens Deviation

(gicm3 ) (1)

YP-Epoxy 1.808 0.78

CP-PI' 1.553 3 0.10

TP=PlCR 1.538 4, 0.27

1 .733 3 0.35

. 1.161 3 0.69

0 PIA 1.137 3 0.9

1 )p. R 1.154 8 1.6

PUR 1.156 2.9
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C
s I a!  (9)

C

where S a solubility

C a water concentration in the paint membrae, mol/cm 3

C - water concentration in the aqueous solution in the cup, Uol/cm3

The solubility is a thermodynamic pariter which can also be written as

S" - (10)

where Y. a the activity coefficient of water in the paint membrane

- the activity coefficient of water in the solution.

The permeability coefficients calculated according to Eq. 7 are shown

in Table 10. The values of P shoew tn Table 10 compare reasonably veil with

those obtained with the crystal oscillator apparatus at 30*C (Table 6).

Also shown in Table 10 are the activation energies, the corresponding linear

correlation coefficients, and the number of experimental date point@ correlated.

The permeability coefficients are functions of temperature, which affects

both the diffuaivtty and solubility. The tabulated values of P have been

extrapolated to 25*C according to the Arrbenlu equation. Another permea-

bility coefficient, P is also shown in Table 10.

p E . D (11)

c yo

where the standard state for water has been taken as a pure liquid at 250C.

It was noted in these experiments that P is relatively Independent of

temperature.

The data illustrated in Table 10 provide order of magnitude estimates

of the permeability coefficients. YP-Rpoxy exhibits negative activation

eergles, poesibly Indicating that the solubility of water In the coatings

decreaaes with temperature. A continuing polymerization reaction or some

other chmical or physical change within the paint could also produce

negative activation e eriea.

gxperimesta were conducted to determine the adhesion of three of the

coatOgs to 7075-T6 alumna which was either anodised or conversion coated.
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The tests were conducted at room temperature. 20*C. and utilized a cutting

machine similar to the "Heslometer" described by Aabeck (17-19). The results

of the experiments have been analyzed according to Merchant's (20. 21)

theories of cutting, and surface energies of adhesion have been obtained for

two of the three coatings tested. The results were of questionable reliabil-

ity because the data obtained in the ezperlments does not conform to the

Merchant cutting theory. It was concluded that this method of determining

the adhesion was unsatisfactory for paints on anodized or conversion-coated

aluminum. and these studies were discontinued.

MATHDMATI CAL MODELS

Introduction

Now that the transport properties of paints are known it is desired

to reliably assess the relative importance of these properties in the

corrosion process. As we have already pointed out the relative importance

of the various parameters will change depending on such factors as age of

the paint, temperature, geometry, oxygen availability. etc. Therefore, some

model of the corrosion process is required to quantify how each parameter

effects the corrosion rate. When this information is available, the relative

importance of each parameter can be determined and each coating system can

be rated on a relative scale for any prescribed set of physical conditions.

The mathematical model described below is based on the results of experiments

performed to date and forms the framework of this approoch.

The average permeability coefficients of ionic species in GP-PLR,

lP-PUt and YP-Epoxy are shown in Table 11. These data indicate that the dc

conductivity of all three points increases with the concentration of sodium

chloride in the bathing electrolyte. These materials would therefore be

classified as "direct" according to Mayne's criterion (10-14). Also

according to Mayne the paint file resistance should be greater than 10a .ca
2

for good corrosion protection. According to this theory the thickness of a

coating waet exceed a critical value to provide good protectiom of the metal.

The critical thickness Is lseo shown in Table 11. It is clear that It is

V ~impractical to use, either 17-PUR or YP-I9poxy according to this criterion.

Table 11 also shows that the primer coat, YI-EpOxy, is orders of mnitude
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Table 11

Ionic Transport Parameaters and

Critical Thickness of Paints at 25*C

NaCI Pormability Coefficient Critical
Paint Concentration Conductivity C1- Nar Thickness

(N) (S/cS) (Cm 2 /s) (cam2 ts) Acm)

GP-PtLR 0.1 6. x 10-1 3 x 10-1 1 x 10'1 6. x 10-

FP-PtR 0.1 1.9 x 10- 7 x 10- 1 2 x 10-12 0.2

YP-Epoxy 0.1 2.8 x 10- 3 x 10-10 1 x l1028

Cp-PUR 1.0 9. x lo011 9. x lo-

FP-PUR 1.0 1.2 x 10- 6 x 10-13 8 x lo-13 1.2

YP-Epowy 1.0 2.1 x 10- 1. x 10 1 6 x 10-11 210.

*3
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more conductive than either of the topcoat paints. Thus the resistance of

any practical two-layer system of primer and topcoat exhibit* practically

the same resistance as the topcoat would alone.

In YP-Kpoxy the inhibitor Is SrCrO4 (1). It appears reasonable to assue

that strontium and chromate ione have permeability coefficients in the

topcoat paints no greater then sodium and chloride. In this case the inhibitor

is essentially trapped in the primer layer between the metal and the topcoat.

It is instructive to determine the approximate time required for

sodium chloride to penetrate from an external solution to the metal. Assume

that all the resistance is in the topcoat which is approximately 51 im thick.

For Cl-PUR the permeability coefficient is about 10"14 ca 2/ and the

dimnasionless solubility of MaCi is about 10"2. The diffuaivity is

D _- I 10- 12 c82/s (12)
S

The time constant for sodium chloride diffusion is

L 
7

t 1,-- 2.6 x 10 0 (13)D

A similar calculation for --PFUR yields

D * 10"11 cm2 /a (14)

t a 2.6 x 106 a (15)

Thus sodium chloride will have completely penetrated the coating in a few

Weeks to months. In either caee the time is short coared to the desired

service life of the coating system. It is clear from these calculations

that paints do mot protect solely by preventing aggressive ions from reaching

the metal.

Another calculation can be performed to determine if points protect

metals by limiting the rate of oxyges diffusien. Correlations were used

to estlmte the diffesivity ad solubility of oxygen la polyurethase (22).
-(.)  6 a 10 go2 /a (16)

C(O2 ) - 3.2 a 0 6 mourM3  (17)

The limiting oxygen flux through a 51 us thick film to them

J(02 ) - 3.8 a 10 " 1 1 ml/(cm2 .s) (1i)

The corrosiom current for aluminm varies greatly and depends on my variables,
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but it is usually in the range 10 A/ cm , 1., 10 A/cm (7-9). The maximum

corrosion current of 10 "6 A/cm 2 corresponds to an oxygen flux of

J'(O2 ) - 5.2 x 10 " 1 2 Ml/(c 2.s) (19)

Thus JtO 2 )/J(0 2 ) , 0.14 (20)

This calculation demonstrates that paints do not retard the corrosion of

aluminum primarily by limiting oxygen diffusion.

Similar calculations to determine if water could constitute a limiting

reactant showed that the corrosion rate is not limited by the diffusion of

water. Since. for uniform corrosion without physical separation of anodic

and cathodic reaction sites, ion transport is not required, these calculations

indicate that the transport properties of paints do not directly affect the

uniform corrosion rate of aluminum. This result leads to the conclusion that

corrosion kinetics, oxide breakdown, and passivation are the primary

phenomena which control the corrosion of painted aluanum.

The preceding statements apply when no current is forced to flow through

the coatings, i.e., when uniform corrosion occurs. Many. perhaps most.

practical corrosion problems involve localized corrosion cells and involve

physical separation of the anodic and cathodic reaction sites. Ionic current

must flow between the anodic and cathodic sites. This raises the question

of how these local corrosion cells are formed and maintained. Differential

aeration is probably the best known mechanism of formation of local corrosion

cells. Differential aeration can occur under paint coatings. but it is not

a primary mechanism under uniform, intact coatings because oxygen is not

excluded and is not a limiting reactant. Another mechanism appears responsible

for the formation of local corrosion cells on painted aluminum. This

mechanism is based on the fact that aluminum corrosion is auto catalytic (23).

The coating reduces the flux of cations diffusing away from local anodic sites,

and a buildup of cationa reaults. Increasing the anodic reaction rate. Thus

the presence of the coating actually adds to the instability of the metal and

enhances the possibility that a corrosion cell will develop. It is therefore

reasonable to a*ue that separation of anodic and cathodic sites is the rule

rather then the exception an painted aluminum.

ML,



NADC-84107-60

models

The models developed in this section are based on the principles

discussed previously and the results of the experiments. The physical

system which will be discussed is an 18 us thick coat of YP-Epoxy covered

by a 51 wr thick topcoat assumed to be GP-PUR. Some of the transport properties

of these paints were listed in Table 11. Additional properties are presented

in Table 12.

The Role of Inhibitors

Because the oxide film on aluminum controls the corrosion reaction rates

we must be concerned with the phenomenon of passivation. Furthermore, the

primer is filled with a chromate inhibitor which also has a direct affect

on the passivity of aluminum. The subject of passivation is complex, and

only certain essential characteristics of this phenomenon will be dealt

vith here.

It Is known that the pitting of aluminum is a function of the concen-

tration of both the aggressive and inhibitor anions. Bohni and Uhlig (24)

have determined that. for a given concentration of inhibitor, a critical

concentration of chloride ion can be specified. Pitting takes place when the

chloride concentration exceeds the critical value, and log-log plots of

critical chloride ion activity versus chromate ion activity are straight

lines. These authors also showed that the pitting potential of aluminum

varies inversely with the logarithm of the chloride ion activity. Later

Kaesche (25) generalized these results and shoved how the pitting potential

depends on both chloride and chromate ion activities. These results have

been used here to describe the role of paint inhibitors in reducing corrosion.

It is assumed that the inhibitors act only through their effect on the pitting

potential. Figure 9 shows approximately how the pitting potential of

aluminum depends on both chloride and chromate ion activities.

Anodic Reaction

Aluminum is assumed to be passivated. A typical anodic polarization

curve for aluminum In chloride solution is shown in FiR. 10 (26). The
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Table 12

Physical Properties of Paints Used

To Form the Tuo-Layer Model System

Property GP-PUR F-PUR YP-Epoxy

Specific Gravity 1.553 1.538 1.808

Pigsment SrCrO 4

t Pigment 52

Vol % Pigment 24

H 0 Permeabillty* 5.4 x 10-  1.8 x 10-9  2.5 x 1010

(cm s1(0.1 N 'MCI)

(1.0 N NaC) 5.6 x 10
10  1.4 x 10 9  1.3 x 

10

H,0 Solubility** 0.025 0.025 0.012
(g/g-paint)

Determined by radlotracer method at 250C.

" Determined with crystal oscillator at 300C.

4O
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primary characteristics of this curve are the very low current density for

potentials below the pitting potential and the steep rise in current density

for potentials above the pitting potential.

A mathematical expression for this type of electrochemical reaction is

ia - a; p (21)

a io0 + A($ - *p); * >p (22)

This approximates the anodic reaction as function of potential only. In

the region below the pitting potential (p). i is a constant, and above p

it is linear in 0.

Cathodic Reaction

There are at least two possible cathodic reactions: the reduction of

dissolved oxygen gas, and the reduction of hydrogen ions. It is generally

accepted, however, that oxygen reduction is the faster reaction in areas

where the electrolyte is saturated with oxygen. Since diffusion of oxygen

through paint films is fast compared to general corrosion of aluminum, it

is assumed that the reduction of oxygen is the primary cathodic reaction of

interest. A typical cathodic polarization curve carried out in aerated

electrolyte is shown in Fig. 11 (27).

The cathodic reaction is approximated by a Tafel type expression.

- A exp (0 ,O)) (23)

c oc 2  IT

where A0 2 - the activity of oxygen at the electrode surface, and the other

term have the usual significance.

If it is assumed that the coating does not interfere with the electrode

kinetics then the constants in £qs. 21 through 23 can be evaluated from

experiments conducted in aqueous solution. In this way values of i 0p A,

ep Ioc, a. and to can be obtained. From the previous discussion it is

expected that the pitting potential (0p) will be a function of the relative
concentrations of chloride and chromate ions. This relationship my be in

graphical form or expressd generally as
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*p p (C ol-, CI) (24)

Some data are available on how the pitting potential varies with concentration

of chromate and chloride lone.

Hass Transport

The general equation for mass transport of any mobile species, I. is
)CI I

.31 R 1(25)

where C, a concentration of species I

. del operator

*i a flux of species i

Ri a rate of generation of species I

Experiments performed here and elsevhere (28) Indicate that the dilute

solution flux equation is adequate for paints.

. - ziDCi 74 - D C (26)

In general the diffusivity DI is a function of both position, species

concentration, and temperature

Di a Di (X. C1, Ca. . .C n  T) (27)

Most mobile species of interest here are Ions which have limited solubility

In paints, and it is therefore often possible to neglect their effect on

the diffusivity. Humidity-chamber results have shown that the diffusivity

of water appears to be a strong function of coating thickness for coatings

thinner than about 10 im. but the diffusivity is relatively independent of

coating thickness for thicker films. Most practical coatings are thicker

than 10 in. end. as a first approximation, ye will neglect the effect of

thickness on diffusivity. This evidence suggests, therefore, that the diffu-

sivity is primarily a function of temperature and the water content of the paint

D I DI (Ce, T) (28)

It will also be aaumed that the electroneutrality condition holds for paints

C 1 . 0 (29)

i ii
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Equations 25,. 26, and 29 are sufficient to solve for the concentrations

(C ) and potential (4) as functions of time and position in Isothermal

system. Isothermal system viii be assumed unless stated othervise.

boundsrv Conditions

Several types of boundary conditions ay be used. One type of boundary

condition specifies the equality of electrochemical potential betveen phases

1 0 2 (30)

The generality of this equation Is veil accepted, but in practical applica-

tion it is usually expressed as some type of distribution coefficient for

the two phases (3 and 0)

C- o(31)

C'
I

The potential is defined as that vhich would be measured with a

reversible chloride ton electrode. This definition mans that the potential

is a function of the electrochemical potential of chloride ions. Therefore

the potential is constant across phase boundaries in accordance with Eq. 30.

Initial conditions are often difficult to establish. However, usually

we are primarily Interested In what is taking place at relatively long times.

Under these conditions the exact nature of the initial condition ti often

insignificant. In the paint sytem studied here it is uaually sufficient

to specify uniform concentrations and potential at time zero. This type of

initial condition usually leads to a stop change in the concentration of

a mobile species or potential at one of the boundaries at time zero. This

procedure to a mathematical idealism, but it to sufficiently accurate for

our purposes.

Stoichioumtry also places mathematical restrictions on the corrosion

model. In one dimension these restrictions take the form:

LL

I da I dx (32)

nn
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Equation 32 is simply the mathematical expression of the fact that the

total anodic current must equal the total cathodic current.

In general there will be n mobile species. There will be n equations

25. n equations 26, and one equation 29 which must be solved for the n

concentrations (Ci) and n fluxes (N1I) and one potential 0. The equations

are subject to 2n boundary conditions similar to Eq. 30. There are n + I

initial conditions. The two remaining boundary conditions involve potential

and are usually an arbitrary definition of the tero of potential and Eq. 32.

Simpli:, at ion

In general the procedure outlined above can be used to solve the required

equations. The particular form of the solution depends on the values of the

parameters involved (Di, A. *. etc.) and on the geometry, but there are several

approximations which will simplify the computations. We have assumed a

two coat system of primer and topcoat. The experiments have shown the

topcoats to be significantly less permeable to ions than the primer. As a

first approximation it can be assumed that the topcoat is impermeable to

ions. This assumption is certainly valid in the vicinity of a crack or other

defect in the topcoat, and it will be assumed valid for all cases except

the initial penetration of aggressive ions through an unblemished topcoat.

A second simplification is that both topcoat and primer have uniform thickness

and transport properties. This assumption is justified in most cases where

the coating contacts liquid water and the temperature is constant. Salt

spray tests conform to these requirements.

Corrosion Geometry Models

Flat Surface

The corrosion rate under an adherent two-layer coating on a flat plate

is rarely high. In such a system the inhibitor is trapped beneath the topcoat

and leaches out very slowly. The topcoat reards the penetration of 1"res-

siva ions (chloride), but if the external concentration is high, chloride

will eventually penetrate to the metal surface thereby reducing the pitting

potential. As the potential decreases the cathodic reduction of oxygen

increases; however, the cathodic area is limited by the high resistivity of
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the primer coating. The ionic current produced by both the anodic and

cathodic reactions must flow through the primer vhich is attached to the

surface of the metal (or metal oxide). The effective cathodic area is small

because of the potential drop produced in the primer when ionic current flows.

Paint Edge

The paint edge is a geometry in which the two-coat paint ends, and

bare metal is exposed to the bulk electrolyte. Under these conditions s&lt

penetrates primarily through the primer layer and inhibitor diffuses out

of the primer into the bulk electrolyte. Therefore, the ratio of the

c ncentration of aggressive ion to the concentration of inhibitor varies

with position relative to the edge of the paint. The anodic reaction rate

is greatest where the inhibitor concentration is loweet, near the edge of the

coating. Depending on how well the bulk electrolyte is stirred the inhibitor

may provide some protection to the bare metal at a distance from the edge

of the paint. At some point either on the bare metal or under the primer

near the edge, the anodic reaction will occur. The cathodic reaction will

occur primarily on the uncoated metal because the conductivity of the

aqueous electrolyte is many orders of magnitude greater than the conductivity

of the primer. According to this view we expect the corrosion rate and the

position of the primary anodic site to change with time and to be controlled

by the diffusion of salt and inhibitor in the primer.

Crack

Two adjacent edges form a crack. The general characteristics of a

crack are the sam as the edge except that the area of bare metal is much

smaller. It is expected that the area at the base of the crack will become

a local anode supported by a cathodic area under the coating adjacent to

the crack.

Wsda.

The wedge is a geometry in which the primer has become separated from

the metal near an ede. The wedge has many of the properties of the typical

48.

-



NADC-64107-60

wedge-shaped corrosion cell except that oxygen and water can reach the metal

by diffusion through the coating. In the vicinity of the edge the primery

diffusion pathway is not through the coating, but farther away, toward the

tip of the wedge, diffusion through the coating becomes most important.

Ions are essentially excluded from diffusing in the coating. The position

of the anodic reaction viii be determined by two factors: the local ratio of

inhibitor to chloride ions, and the reduced oxygen concentration resulting

from the diffusion resistance of the coating. The primary cathodic area

viii be the bare metal beyond the edge of the coating.

blister

A blister is assumed to be filled with an aqueous solution. The solution

is trapped between the primer and the metal. The coating is assumed to be

defect free and the coating is adherent to the metal everywhere except under

the blister. There are many types of blisters in real paint systems. Some

of these blisters are formed by entrapped solvent or lack of adhesion.

We will consider only blisters which contain active corroslon cells.

Apparently the corrosion blisters are not easily formed in dilute salt

solutions because the inhibitor prevents local corrosion cells from forming.

In concentrated salt solution the chloride Ions swamp the inhibitor and

blisters can form. The entire blister Is a site for cathodic reaction. The

area on the metal, near the center of the blister is farthest from a source

of oxygen and this Is the primary anodic site.

Exa!mles

The purpose of the mathematical model is to provide a method of

quantitatively evaluating paint performance. When the proper parameters

are used In the model the anodic and cathodic reaction rates can be calculated

as a functioo of position and time. The model ts sufficiently general that

the different geometries discussed above can be analyzed within the sm

framework.

Inhibitor Depletion Through the Topcoat

A an elementary example of how the experimental results can be used In

a specific odel, consider the time required for the inhibitor in a primer

49



NADC-8A 107-60

to become depleted by diffusing through a 50 um thick topcoat of G?-PM.

Assume the primer coat i& 20 wr of YP-[poxy containing 52 vt I SrCrOA as

inhibitor. Assume the aqueous solution In the primer layer is saturated

with SrCrO 4. Then the concentration in water is about 4 x 10" 3 N. The total

number of moles of SrCrO4 available i 9.4 x 10 6  ol/cm2 of painted area.

It is assumed that the permeability coefficient of SrCrO4 in the GP-PUR

topcoat is 1. x 10 " 1 4 cm 2/, the sas as that for NaCI. The flux of SrCrO4

l then calculated to be

j a 7.7 x 10-1s mol/c2. s (33)

The time to deplete the inhibitor is

t 9.4 x 10- 6  (

7.7 x 10
1 R

4. x 104y (35)

This calculation shows chat the corrosion inhibitor Is held in the

primer laver near the metal surface for a very long time when the topcoat

is in good condition. Furthermore it is of little consequence which of the

four topcoats is used. This result also indicates that practical paint

system prevent corrosion primarily through the use of Inhibitors by changing

the reaction kinetics of corrosion.

Permextion of NaCl to the Metal Surface

Now consider how long the example paint system provides protection

against corrosion when immiersed in a 0.1 N NaCl solution. Assume the

permeability coefficient of GP-PUR is about 10 14 cm2 /, and the salt concen-

tration in the primer phase must remain less than about 4. x 10 3 N. The

volume fraction of inhibitor in YP-Epoxy is about 241. Therefore, if all

this volume is occupied by 4 x 10 3 K MaCI solution, there will be 1.9 x 10-10

moles of UaCI present in the primer phase. Thus

1.9 l 10
t N a (36)

I t (10 -4 2 (37)

t0950 (

so
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This calculation indicates first that even though the topcoat is effective

in preventing the inhibitor from diffusing avay from the metal it is not

-particularly good at preventing aggressive lons from reaching the metal.

As a matter of fact the diffusionsl time-constant t 2/s for the passage of

ions through the 50 us thick topcoat Is only about 0.8 yrs. Thus it is

clear that aggressive ions will be present on the metal after a relatively

brief service life, and this is a factor which does depend on the transport

properties and thickness of the topcoat.

Depletion of Inhibitor Near a Crack

Another example of this specific type of calculation is the diffusion

and subsequent depletion of inhibiter through a crack in the coating.

Consider the geometry illustrated in Fig. 12. The time required to reduce

the inhibiter concentration at the bottom of the crack (point A) can be estimated

:a follovs. The one dimensional rate of inhibiter transport out of the

crack is

DOiC
r c a j - (39)

C 2

The transport of inhibiter from inside the primer to point A is
P(Cse - C

rp a t 1 (40)

where x is the diffusion path length in the primer phase. The length x Is

related to the total quantity of inhibiter lost since forumtion of the crack,

or in differential fore

(14x)rc .q 7 ( 1

where q e the available quantity of inhibiter In the primer (mol/cm 2).

These three equations can be solved by equating r € and rp at all time. i.e..

making the quasi-steady-state assumption. I dimnsionlesa fore the result is:

0' 2 C
pW " t (4'2)

where Cas t  the saturation concentration ed the other variables have the

usual naslag. In order to relate the time to the concentration at point A

the following additional relation is required.

'a [
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Topcoat
Ic

t 2

tt.

Subs trate

Fig. 12. Two-layer paint system with a one-dimmntional crack
defect.
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C~ et ? 2 (43)

The following values have been used to calculate results.

I a20 x 10"4 cm

t2 a 50 x 10" cm
i-  p l0 "lO cm2/e

Dma105 0 i 2 /
D - lo- cm2/s

C s 4 x 10-3

q * 9.4 x 10-
6 Sol/cm

2

: til/C-10
Cfirst, asse 12/W- 100. Then xll - 9 x 10- 3 and t - 0.65 h. If t /W2. a 2

5000. X/1 a 0.45 and t - 1610 h or 67 d. These results demonstrate that the

inhibiter is quickly depleted at the bottom of even a very thin crack. Also.

the concentration of aggressive Ion is expected to be high there.

Reduction of the Effective Cathodic Area by Paints

Another example illustrates one way that paints rotect metals from

corrosion. Consider the corrosion of a specimen of painted aluminum in

j which the primary anodic and cathodic sites have already become separated.

Assume chat the paint layers are intact and attached to the metal. As

a simplification assume that the anode is unpolarizable and at the pitting

potential. Consider also the limiting case where concentration gradients

can be neglected and oxygen is not a limiting reactant. Equation 23 then

has the form

i * Ae"  (44)

c

where A and 8 are positive constants. The potential decreases as the distance

from the anodic site increases. The relationship between the total

current and potential is

i a K94 ('5)

The current variti with position according to the equation

t'L41 1 i (46)* -dx c.(46)
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Combining Eqs. 43-46 yields

2 -A -90
S ( (47)

Equation 47 has no analytical solution, but a linearized approximation of

the right hand side will be adequate for the present. For potentials

near an arbitrary reference potential *r the linearized form of Eq. 47 is

(1 - o) a r (48)
at

where 0 + n ,
r

The boundary conditions are most easily expressed as

n 0 x - 0 (49)0

t-O. X . a (50)

With these boundary conditions the solution Is

n - [sinh(cx) - cosh(tx)J (1/8 - n0 ) + 1/8 (51)o

-d#

where c 
A 1

Equation 51 shows that the potential Is bounded. The other interesting

point io chat there is no contribution to the total cathodic current for

x-.*/1. The maximum current occurs at x - 0. The current at x - 0 t

tx - 00

Equation 52 shows that the total cathodic current is proportional to the

square root of the thickness (W) and the conductivity (a) of the primer

coat. Other parameters occurring in Eq. 52 are generally not under experi-

mental control. Equation 52 shows that the total corrosion current flowing

to the anodlc site can be minLmazed by reducing the thickness and conductivity

of the primer. Ultimately the thickness could be reduced to zero. but not

vithout affecting other properties, like adhesion and void volume, which

have been assumed to remain cos cant i the derivation of rq. 52 In the

final analysis ye will recognise that compromises met be made, but as a

general rule it is expected that the corrosion can be reduced by reducing

either t or K.
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Equation 52 provides one explanation of vhy blisters are a serious

corrosion problem. When the primer ceases to adhere to the metal, the

resulting void becomes filled with aqueous electrolyte. Usually the

conductivity of the electrolyte is several orders of magnitude greater than

that of the primer. It is therefore expected that a high corrosion current

will flow betveen the local anodic and cathodic areas within the blister.

Another way to look at this explanation Is that the site of the cathodic

area is proportional to I/c. Thus the cathodic area is proportional to

• , . from the difinitton of c. If the conductivity of the aqeuoua

electrolyte inside a blister is 106 times the conductivity of the primer, the

effective cathodic area in a blister is 1000 times greater than when the

same primer adheres to the metal.

One aspect of the corrosion mechanism which Is extremely difficult

to quantify is adhesion. Equation 52 is based on the assumption that the

primer and metal adhere to each other. When this assumption is not valid,

a blister forms, and the local anodic rate increases dramatically. It would

therefore be helpful if some criterion could be found for estimating the time

required to break the adhesive bond. These criteria for disbonding may be I
unrelated to the adhesive energy Itself. For example, a threshold charge

density could be specified. Adhesion would be assumed normal for local

charge densities below the threshold. Adhesion would be lost for charge

densities above the threshold. Another criterion eight be based on the local

chemical composition. For example, either low or high values of pH might

be expected to affect the oxide layer on aluminum and therefore the adhesive

bond. In this case a time factor might also be important. Thus a local pH

below one for more than 50 h might represent the desired criterion. Addi-

tional work needs to be performed In this area if quantitative estimates of

the rate of coating disbonding are to P Ia.

The examples Illustrate that the mathematical model sat in &emeral

be solved with a computer. Only relatively simple cases cam be solved
analytically. Nevertheless It is possible to use the meral and the espect-

metal results to ascertain certain qualitative feattres about the corroson



?4ADC-84107-60

of aluminum under paint. This qualitative analysis indicates that paints

posses, several good qualities which tend to reduce the corrosion rate and

some bad qualities which tend to accelerate or localize corrosion. The primary

advantage of the two-coat system appears to be that a relatively large

quantity of inhibitor is tre-pped near the metal surface. The topcoat acts

as a barrier to the diffuaion of ions. This is an advantage when the painted

specimen is initially exposed to electrolytes containing &gressing ions,

but once the aggressive ions have reached the metal surface the topcoat

tends to trap them there and its low ton permeability becomes a liability.

This conclusion points up the importance of surface preparation and the need

to paint on a surface free of Ionic contaminants. The primer serves two

important functions: it provides a vehicle for the inhibitor, and it improves

adhesion. The inhibitor appears to function by raising the pitting potential.

thereby decreasing the cathodic reaction rate and reducing corrosion currents.

Adhesion is important because vhen the paints do not adhere to the metal

surface (metal oxide) the corrosion current can flow through a relatively

high-conductivity path, and the effective area of the cathode is greatly

increased. The available data also indicate that neither oxygen nor water

diffusion through the coating io the rate limiting step when the corrosion

is uniform. In the limiting cases we have investigated the diffusion of

ions through a resLstive paint film adherent to the metal my be the rate

limiting step. However, there are many instances, such as the initiation

of a pit, when diffusion in the metal oxide or surface kinetics must represent

the rate limiting step in the corrosion mechanism. The importance of the

metal oxide as a barrier is further emphaeibed by the fact that aluminum

i always In the passive or tranapasoive state under the conditions of

interest. For this reason we can expect the bulk of observations of corrosion

of painted aluminum to involve local corrosion cells.

Most of the undesirable effects of painting aluminum can be traced to

the promotion of local corrosion cells. The mathematical model suSests
V that there are few problems associated with the corrosion of aluminum coated

vith an undamaged two-layer paint system even when exposed to dilute solutions
containing chloride. Dausged coatifeg are another mtter. When the topcoat

becomes dameed the inhibitor diffuses out through the break. In a relatively

-6-
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brief period the inhibitor becomes depleted in a region bear the break.

Further avey from the break the inhibitor concentration is still high enough

to prevent corrosion. This situation produces separate anodic and cathodic

reaction areas and the formation of localized corrosion cells. These cells

could take the form of pits. filifors corrosion, or a videning vedge of

detached coating. The model also suggests that paints can promote corrosion

by acting as barriers to the diffusion of ions. Pitting and localized

corrosion of aluminum is known to be autocatalytic. The autocatalytic

behavior is not yet veil understood but appears to be related to a local

buildup of sowe reaction product, possibly Al+ 3 or H . When these ions

are produced beneath paint films they viii tend to build up high concentra-

tions because the coating acts as a diffusion barrier. Thus. not only does

the coating reduce the separation of anodic and cathodic sites it increases

the local concentration of reaction products. On some metals this retards

the corrosion reaction, but when aluminum corrodes it apparently promotes the

formation of local corrosion cells.

Conclusions

The following general conclusions are based on the expertimental data

and mathematical models studied here. They pertain to the mass transport

properties of a limited number of paints and the corrosion of painted

aluminum.

I. Some ion other than sodium or chloride carries a significant portion

of current through many paints immersed in aqueous sodium chloride solution.

2. These paints do not provide a barrier to either oxygen or water

sufficient to limit the uniform corrosion rate of aluminum.

3. Ionic Inhibitors such as chromates are effectively retained near

the metal by an undamaged topcoat.

4. Ionic inhibitors rapidly diffuse out of cracks and other defects

in the topcoat leaving the metal unprotected from corrosion near the defect.

L S. One general manner In which paints protect mtals from corrosion is

by forcing the current flowing to a local mode to pass though a highly
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resistive sadium, thereby reducing the effective cathodic area.

6. In general the mass transport properties of paints are quite

complex, involving such phenoena as too exchange. Ion association. time

varying properties, variations in physical and transport properties with

position inside the paint film, and concentration dependent transport properties.
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NOEIICLATUU

A a constant Greek

C concentration, uole/cm3  s a constant, v-1

D diffusivIty, c 2 /a , activity coefficient. cm3/Sol*

P Faraday constant V del operator

I total current. A c 2  
a change, finite difference

I current density. A/ca n eeti ptnil
I flu, mol/(cm2 a) 'i electric potential. V Sc

J ..)electrical conductivity. S/ca
K distribution coefficient SElectrochemical potential, J/mole

L membrane thickness, cm * electric potential, V

paint thickness, cs V dimensionless electric potential,

N mass* 8 1 Fe/aiT

P permeabillty coefficient, cm /s

q inhibitor content of the primer. Subscripto

mole/cm2  a anodic

R gas constant 3 ave average value
reaction rate. m e/(cM .a) b bulk solution designator

r transport rate, mole!(cm's) c corrected or normalized value

S dimensionless solubility c cathodic

T temperature, K a experimental value

t time. 3i species designation

v volume, cm m in the membrane or paint

v crack width, cm a normalized value

position coeerdinatv ca o constant value, usually at time zero
I ionic charge including sip p In the paint phase

Superscripts p value at tho pitting potential

* radioactive species r reference value

* reference value sat designates saturation

alpha phase I 1st solution, species, or phase

a bepa phase 2 2nd solution, species, or phase
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APPENIDIX A

HITTOft EXPERIMENTS

Apparatus

Both membrane-potential and Klttorf experiments were conducted

in the #s* apparatus. Figure Al illustrates the experimental call

which was made of Plexiglas. When assembled, each cell was composed of
two cylindrical compartmsents separated by a paint membrane. The two

compartments were aligned vertically, both compartments were equiped

with sampling ports and overflow tubes. The sampling ports were

sealed with rubber septums, but the overflow tubes were open to the air.

The overflow tubes were made of capillary tubing with one end drawn down

to a mall diamieter. This construction reduced water evaporation to a

negligible level. The overflow tubes from both the top and bottom

compartments were bent above the cell so they were In the same horizontal

plane. In this way the hydrostatic pressure difference across the membrane
was minimized.

The cell was constructed in two halves. Internally. each cell was

Identical. but the external connections (sampling ports, overflow tube#.

etc.) were iondiffertent positions in each of the half cell*s.

The paint membrane was clamped between the two half-cells which were held

together by four bolts. Mion 0-ring gaskets were used to prevent the

solution. from leaking between the paint and the Pleaiglas.

Each compartment was equiped with a silver-silver chloride electrode.

The electrode war* glued to the, Plexiglas with epoxy. The electrode

diameter yes the same as the "active" diameter of the membrane, and both
electrodes were parallel to, eOd equidistant frem, the membrane.

Small Teflon-tested epetic stir bars were used to stir the solutions

tn both compartments. The stir her in the bottom compartment was held
above the electrode suarface by a circular disc of plastic window screen.

Similar screams were clamped en each side of the paint membrae as
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physical supports. The stir bar in the top compartment rested directly on

the upper support screen. Stirring speeds of approximately 100 rpm were

achieved with a magnetic stir plate.

The assembled Hittorf cell was placed in a Faraday cage during

experiments. A battery was used to control the cell potential between the

two electrodes. The voltage difference and electrode current were measured

with Ketchley electrometers. Figure A2 Is a schematic diagram of the

electrical instrumentation. The electrometers contain retransmitting

amplifiers with low output impedance. The output of these amplifiers was

recorded on an Esterline Angus, model [1124E, strip chart recorder. The

output of the electrometer recording the current was integrated with an

Acromag, model 1752-Kl-1, integrator. The total charge passed during the

course of an experiment was obtained from the integrator. This Instrumen-

tation provided a permanent record of the voltage, current, and total charge

for each experiment.

The experimental temperature was controlled with an air thermostat.

A modified on-off household thermostat was used. Temperatures adjacent

to the cell were measured with National Semlconductor. LX5600. temperature

transducers. The transducers were purchased in TO-S packages, and were

equipped with radial-finned clip-on heat sinks. The cell temperatures were

also recorded on the strip chart. A peak-to-peak temperature excursion

of l*C was observed with this apparatus.

All salts and solvents were ACS reagent grade, and the water was distilled.

Radioactive hydrogen (3H). sodium (iNa), and chloride ( 36C) were purchased

in carrier-free form from comurcial sources. R4diotracer standards,

traceable to the National Bureau of Standards, were puschased and used to

make reference solution. The radiotracer content of samples was measured

* with a Packard, model 2002, scintillation counter at the University of

, Wshington.
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P rocedurea

In order to perform a Hittorf experiment. paint membranes unattached

*to any substrate were first prepared. Points woe first mixed according

to the supplier's Inhtructions. The paint was than spray applied to shoets

of decal paper and allowed to dry. Drying took place In the ambient laboratory

air at about 60% relative humidity and 23*C. The paint was protected from

dust in a fume hood for about 24 hours. The coated pieces of decal
paper were than placed in paper envelopes and stored in a wooden cabinet
until needed. Storage, times varied from two weeks to two years.

Inndiately prior to use. specimens Of Paint were cut from the large
sheets of coated decal paper. The decal paper was soaked in vater for

a few. minutes until the paint could be easily removed. The free paint

film was then washed in tap water till so mucilage could be detected

by touch. Then the paint was rinsed In dierlled water for a few

seconds and dried with a paper towel. The dry paint film was allowed to

stand In laboratory air f or about 15 minutes before the thickness was

measured with a micrometer. Twelve to 1S thickness measurements were

made In the tust aras Of the sample. The average coating thickness

and standard deviation$ were then calculated. ree films with nonuniform

thickness or high standard deviations were rejected. The membrane was

next checked optically for defects: holes, dirt or dust particles. etc.
Membranes which did not appear to be smooth and free Of defects were
rejected. The final pro-experiment check was a conductivity measuirement.

The membrane was mounted in a KIttotf Cell 81W its dc conductivity was
determined. If the Conductivity differed more* than s factor of about
three from the average conductivity of similar membranes it was rejected.

After a specimen passed all the pro-experiment tests it was ready for

mounting io a Uttorf Cell.

V Prior to "n experiment, the Nigtorf-call electrodes were checked.

solutions of differing salt concentration were placed In each half-

A cell, and the electrode Potentials ware measured relative to a stan"dar
reference electrode. If the "Nengt slop." for the )Iittorf electrode
exceeded 5S m/decade, the electrode was considered acceptable. If the
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electrode failed this test, the silver chloride layer was removed, and

the silver was abraded, cleanedand reanodized. Also, prior to the
experiment the Plexiglas was inspected for scratches. If scratches were

found, they were removed by polishing.

After the cell had been polished and the electrodes had passed

inspection, both halves of the cell were rinsed in distilled water and

then in methanol. The cell was then dried by blowing air through the

injection ports and the overflow tubes. When the cell was completely

dry. it was ready for assembly.

The cell was assembled in steps proceeding vertically from the

bottom to the top. A screen was first placed in the bottom compartment

over the silver-silver chloride electrode. A magnetic stir bar was then

placed on the screen. Kext, a second screen was placed over the mouth

of the bottom compartment. The diameter of the second screen was

greater then the compartment diameter. This screen supported the

membrane. Next. the 0-ring was coated with a thin layer of silicone

stopcock grease and placed in its groove around the screem. Then the

paint film was placed over the 0-ring and the support screen. The paint

film was always oriented in the Hittorf cell with the "air side" facing

downward. The side of the free film which was exposed to air as the paint

dried was termed the "air side." The opposite side, which was originally

adjacent to the decal paper, was called the "paper side." When a voltage

was applied, the polarity was such that the tracer ion was forced to migrate

from the air side toward the paper side of the paint film. Next. a second

support screen was placed on top of the paint, and another stir bar was

placed on this second screen. Finally, the top half of the cell was placed

on, and the entire assembly was bolted together. After the cell was assembled,

a visual inspection was made. The inspection included checking the 0-ring

eals, the support screens, and the stir bars. If the inspection revealed

no defects, the auembly was completed by placing rubber Septum over the

open ends of the injection ports.

I..
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Prior to filling the cell it was veighed. The assembled cell

was then filled vith electrolyte using a hypodermic syringe. The volume

of electrolyte added to each compartment was measured with the syringe.

The veight of the cell was also measured after each compartment was filled.

This procedure provided two independent measures of the fluid volume in

each compartment. The volume of fluid in the overflow tube was

determined by the position of the liquid meniscus. Another visual

inspection vas performed after filling the cell. If bubbles with diameters

greater than about 3m (102 of the diameter of the compartments)

were observed, the filling procedure was repeated. If the bubbles

could not be removed, the compartments were emptied and the cell

reassembled.

Electrolyte solutions were mixed just prior to assembling the cell.

Various sodium chloride concentrations from 0.1 N to 1 N were employed.

Radiotracers were added just prior to filling the cell. The solution

containing the radlotracers was always placed in the bottom compartment.

Solutions in both compartments contained the same concentration of salt, but

no radlotracers were used in the top compartment. The bottom compartment

always contained two radiotracers: tritium ( 3H) and either sodium or chloride.

:n this way the water flux and one of the ion fluxes could be obtained.

After the cell had been filled. 10 6L samples were taken from each

compartment. The cell was placed on a stir plate Inside a thermostatically

controlled Si'ovebox. The mean temperature was maintained at 250 C + 0.°SC.

The cell was then connected to the battery and the electronic monitoring

equipment. The cell was always connected to the battery with the polarity

such that the salt radiotracer ( 22 a or 36C) was forced across the membrane.

Experiments were conducted for various periods of time up to three months. The

The cell voltage . current, and temperature were recorded. Radiotracgr

samples (10 .L) were periodically withdrawn with Hamilton micro-sytinges

through the rubber septum@. The top compartment was sampled about every

three days. The bottom compartment was sampled at two-week intervals. At

the end of the experiment three samples were withdrawn from each copartment.

!~
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During the course of an experiment the positions of the menisci in

the overflow tubes were periodically recorded. 5y comparing the relative

positions of the two monlsc, leaks could be detected. Upormento were

terminated when leaks developed. At the conclusion of an experiment,

the cell was dismantled end each half cell was leached for two weeks in

separate distilled water baths.

The radiotracer samples were analysed by liquid scintillation

counting. The scintillation counter wos capable of counting two radio-

isotopes simultaneously. The different isotopes were distinguished by

the different energies of their I emissions. Chloride-36 could not

be distinguished from sodium-22 because both radlonulides have similar

I-energy spectra. Therefore, tritium and either sodium or chloride were

used in each experiment, and sodium and chloride fluxes were determined

in separate experiments.

Approximately five standard samples were used to calibrate the

scintillation counter during each counting session. The activities of

the standards varied. covering a range approximately equal to that

expected for the experimental samples. A least-squares matrix

inversion method was used to determine counting efficiencies and cross-

channel interference coefficients from the calibration data. The

accuracy of each calibration matrix was also checked by counting

mixtures of known composition. No quenching was observed with the

smail sample volumes (10 ul) used.

Transference numbers for sodium and chloride were calculated in the

following way. first, the activity of the rediotracer (sodium or

chloride) in the top compartment was obtained. These data were converted

to equivalents of carrier (c) per ml by assuming a specific molar

activity equal to that in the bottom cell. Then, the data were plotted

as a€ versus charge passed. Different least-squares straight

lime were then constructed through the date collected at each cell

potential. Tioally, the transference umbers were set equal to the slopes

of the lines. This method we considered appropriate as long as two

conditions were mt. The radotracer flux at sere applied voltage

was negligible, sed the fractiom of radlotracer transported across the

Nmbrsee was oell. Both coditloss were always satisfied in thee

.7e~l~t.
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The dii fusivity Of Water Was calculated from measurements of the

tritiumn concentration. it waa assumed that tritiu~m only passed throuagh

the membrane as water. This assumption cannot be easily verified. Other

assumptions wero the same as for sodium and chloride transport except

that the fraction of tritium transported was usually large. In order to

account for this fact. a differential mea balance was derived for the top

compartment. The equation was solved to yield the tritium activity In the

top compartment as a function of the water dii fueivity and time.- Experimental

results wore then Inserted in the calculated solution, and a diffusivity

was obtained for each of a experimental data points. The Individual

diffusivitles were averaged to obtain the tabulated values.



I4AD-6410-60

o a

#0 0 0

f-4

30.0

-q 0 00

P4 .4

- - - - - - -



XADC-64'107-60

10 0

00 0 10

-0
as I -

ot It-

a dill0ft

400- .

- U U



NADC-S4107-60

- a

ic

400

- U%

a 17

f t 4

, -- • " " 4 : _ __ i I

* ft

0 : :



-S

NADC-68 10 7-60

*4 NII N N

M N

o 'o , ,. ,0 ' 'So '
5' - -aom gu 0 0

* N N N I N

I -

*4- ' -o

- , . . * o. 5 I

- t 5 - 0. . . . .-

02 -- - * 0a 0



NADC-S4107-60

* I

is0

So_ o . A

dl to. .iA ieU

V 0

- " ,, 5,,;

0' ,ow1 oa

I 
B = , . 4 tl

60 1 1! i 0

P4 Im b 3

0 IL

00 0 00

I i t 
t. do

N N U N U

t eI d % .. . ,, , ... *

.4 
.,;ei. 0

- Ntl 
-C -~

Nilu il o

ii6) 66 I.

.45 I- ~



HADC-84107-60

APPIMDIX 5

Humidity Chamber Experiments

Crystal Oscillator Theory

Quarts crystals have been used to construct highly stable oscillators

for many years. The crystal is a low-loss piezoelectric resonator which

controls the oscillator's frequency. The fundamental frequency of a crystal

is affected by temperature and several other environmental factors:

however, the physical properties of the crystal have the

greatest effect on the freqjency.

The mass of the crystal Is one property which has a great influence

on frequency. This fact is the basis of several unusual uses of crystal

oscillators. Including sorption detectors (3l.14. i1ghly sensitive sorption

detectors have been constructed by coating a quartz crystal with a thin

layer of absorbent (paint). The frequency of this "composite" crystal

changes as its mass varies. by knowing the relationship between frequency

change and mass change, microbalance weighing can be performed. Sen-

sitivities on the order of 10 " 12 8 have been estimated (l).

The piezoelectric oscillation of a quarts crystal has been analyzed

as an acoustic resonator (I). In this one-dimensional theory, a wave

disturbance ts introduced at one surface of the crystal. The wave travels

through the quartz with a constant velocity and attenuation until it

reaches the opposite edge of the crystal. At the edge, the wave Is

completely reflected. This model to mothematicallv equivalent to an

ideal transmission line with distributed loss. and a complete mathematical

description t available.

Uhen a quarts crystal is coated with another substance, a composite

to formed. The acoustic resonator theory has been used to describe

these composite resoamtors, but tbe onlysis omoe complicated than for

the simple resonator. The cemplexity results from partial reflection

of the traveling wave at the boundary between the quarts end the coating

substance. Despite tbe complexity, Miller amid lotef (23, B4) obtained

r.- as enact solution of the composite resonator. The theory showed that the

oly major effect of attachiag the eoatLng to the crystal was to shift

the resonant frequency Of the eoSUite resotor (f) relative to the frequency

of the simple quarts crystal (Iq).
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Killer and Solef's. acoustic resonator theory Is based on several
approximations and assumptions. The assumption* appear to be appropriate,

although they have apparently mot been Individually chocked. However.

the applicability of the entire theory to metal-coated crystals was
proposed by Miller and Bolef (Md). and Lu and Levis (BS) checked this
application using three metals: copper. silver. and lead. The theory

is In good agreement with experimental data for frequency shifts up to
151 of the "unloaded-crystal" frequency (f q).

The acoustic resonance theory Is based on the following assumptions
(In the composite resonator the assumptions apply to the crystal and the
coating separately.):

1. The system is one dimensional.
2. Ed faces are flat and parallel.
3. The wave travels with a constant velocity.

A. The attenuation per unlit distance is constant.

S. The density of the medium is constant.

6. The crystal is oscillating at steady state Ccw).

7. The coating Is uniform over the entire "active" area.

This theory does not treat the effects of crystal mounting or

surface nonafiformities.

Lu and Levis (35) preaent three relations between the eass change
of the composite crystal ad the observed frequency shift. The moat
accurat* equation. "exact solution," to based on Ktiller and DOlef'a
result (a3, 3q.9) with me loss*$ In either the quarts or the coating.

4P The exact equation iot

7'
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tan~wi....] 0 a tam Ii

vhere Z a the ratio of the shear-mode acoustic Impedance of quarts to

that of the coati8

f - the frequency of the composite resonator

fq a the frequency of the uncoated quarts crystal

f - the as of the Coating (film)
* - the ease of the uncoated quarts crystal
q

tn this Instance the composice-resonator frequency (f) depends en the

acoustic impedance ratio (Z) as Well as the mass of the applied coating

(af).

The second equation presented by Lu and Levis is the "period

approximation." When z - 1$ or vhen (af/mq),4l. Eq. Al simplifies to

f (R2)
m f-f

q

The period approximation is adequate (1'Zc2.29) for frequency deviations

less that about St (15).

Also, vhen af/nq Is small. f has nearly the sam value as f . tnder these

conditions 9q.AI simplifies to the "frequency approximation."

Sq fq

The frequency approximation Is limitod to a deviation of about 2t35)1.

Once a particular quarts crystal has been selected, aq and f are fixed.

Then, f depends only on the waes of the epplied coating. Eqs. 12 and

53 hovthis etatement Is true for both approximate models, but 9q. 12 io

nlisnear.

The total frequency change produced by the coating and absorption of
water was less than 32 in all current eaperiments.
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Diffusion Theory

The theory of sorption and desorption in thin sheets has be

thoroughly discussed by Crank (%6). The basic equation describing the

process is:

at "x
where c a the diffusant concentration (mel/r3

N a the diffusant flux (molls2 .)

t - the time (a)

x - the linear dimension (m)

It the flux obeys Tick's first law.

N- D -c (5)

where D a the diffusivity (s 2/)

Eq. 5 can be substituted into Eq.15 to yield:

as . 1 [1)Lc 1(36)

This Is the basic equation of diffusion in a this sheet and Is equivlent

to rick's second low if the diffusivity is constant:

k D1 (87)

In general the concentration depends on time, position. and the

diffusivity, as well as the boundary conditions of a particular problem.

Solutions of 14s.l6 and a? have been given for a variety of boundary

conditions and diffusivities (36,37). Host of the published solutions

require knowledge of the functional form of the diffusivtty, but Crank

and Park ("S) aPd Crank (34) discuss practical ways of using the theory

to evaluate the diffuslvity from sorption and desorption isothers.
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One set of boundary conditions for which an analytical solution

of Eq.47 is available is:

.- 0 0 x a 0. t)O (38)

c- 0 0 x(t. t - 0
c c"€ x - I., t3-O

These boundary conditions represent a stop change in surface concentration,

at x -. iat time zero. For these conditions, the diffusivity is

easily determined by plotting the dimensionless uptake of sorbte (I

versus the square root of time.

RV  /1 (39)

where Ht a the total amount of sorbate present at time t
t

a the total amount sorbed at long times (equilibrium).

Nt a €(c.t)dx (310)
'0

This theory i equally applicable to desorption provided M t and no

represent quantities of diffusant lost.

At t a 0

The slope.dwtvd 4!'7.i8 nearly constant for R 1 40.5 (18. p16).

It is also sy to calculate the diffusivity at long time, provided

an accurate value of 11, tL know. At lon$ times

It both Sqs.31jandfl.ro applied to a single sorpiton experimnt, a single

value of the diffusivity should be obtained. If this I# mot found,

the diffuoivity is not a oonsta".
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Apparatus

The crystal oscillator apparatus was designed to subject the coated

crystals to an isothermal. step-change In relative humidity. The crystal

and the oscillator were suspended Inside a metal chamber mounted inside a

Plexiglas box. The crystal ws first allowed to equilibristo with the

atmosphere inside the Inner (metal), chamber. Then, the inner chamber

was opened and the crystal was exposed to the atmosphere in the Plexiglas

box. A good stop-change In relative humidity was reproducibly produced

using this technique.

The "humidity chamber" apparatus is Illustrated in fig. 51. The

outer chamber was constructed of 6.35 = thick Plexiglas and was insulated

with 3/' in thick stryofoam. The volume of the outer chamber was 15 liters.

The temperature In the box was controlled with a VWR 014370-030 proportional

controller. The main constant-temperature, bath was located outside the

box and water was circulated from the bath through a finned-tube heat

exchanger Inside the box. The air inside the box was circulated with a

fan. Three copper-constantan thermocouples were used to measure the

temperature at different locations In the box. The mazimum temperature

difference between the different locations use O.I*C, and a Long-term

temperature fluctuation of O.SC was observed.

The Inner chamber was composed of two parts: a movable "cup." and

a stationary "lid." The lid was attached to the Plexiglas box with a

metal bracket. The cup could be raised and **aled against the lid to form

the Inner chamber, or lowered to open the chamber. The cup was aligned

with the lid by a Plexiglas tube attached to the box. both the alignment

tube and the bracket supporting the lid were perforated with holes

%010 INS diam.) to allow air to circulate completely around the inner

* chamber. to the raised position, the cup was supported by a Plexiglas
* column resting on a closed trapdoor. When the door was opened the entire

cup-column asembly could be removed from the box. The cup and lid

were both constructed of I me thick sheet metal. The cup was 92 m
high and 55 -i io diameter, with a volume of 219 al.
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The oscillator and crystal holder comprised a single unit which was

mounted on the inside surface of the lid. The oscillator was a "Digital

Sensor Head," #900010, Sloan Technology Corp.. Santa Barbara, Calif. The

oscillator was powered by a 6 V regulated supply (Acopian, model 6E20D).

The frequency was measured with a General Radio, model 1191 frequency

counter and automatically recorded on paper tape with a Datil, model DPP-Q7

thermal printer. Only the "Digital Sensor Read" wsa Inside the Plexiglas
box. The circuit diagram of the electrical connections between the power

supply, the oscillator, and the frequency counter is shown in Fig. 2. A
low-pass filter (Fig. 12) was used between the oscillator and the frequency

counter. The filter was not a necessary part of the circuit, but it

reduced the effects of stray capacitance.

The crystals for the oscillator were purchased from Sloan Technology

Corp. They were AT-cut quartz discs 12.5 me in diameter and approximately

0.33 sm thick. The nominal frequency was 3.0 M0s*. The as-received crystals

had been coated on both sides with a thin layer of metal. The metal

provided electrical contact witb the crystal as It rested in the holder.

Crystals with either gold or silver coatings were used. Only part of one

surface of the crystal was exposed to air when it wes In the holder. The

exposed surface was visible through an 8.0 m diameter hole in the

crystal holder.

Procedure

The first step in the procedure was to record the base frequency (fq)
qof the uncoated crystal In "dry" air at 31C. Calcium sulfate (Drierite)

desiccant was used to maintain dry conditions. Several of the crystals were

also weighed on a Cabs, model gram-101. electrobalance, with a repro-

ducibLlity of sl0 uS. The bs frequencies (f ) and base weights (w q) were

measured at least three times for each crystal.

After the base data had been obtained, the crystals were prepared for
r | painting. The crystals were flat only on one face. The other face we

slightly convex. Lu and Levis (5) uoed similar crystals to confirm the
acoustic resonator theory. Tests shoved that the crystal could oscillate

with the greatest mass attached to the flat side. Masks were msed

to produce uniform-dianeter paint spots which were centered

& '
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on the flat olde of the crystal. The masks were cut from plastic

electricians tape with a cork bore. Various spot diameter@ were tooted.

but 5.8 - was standard. The individual spot diater* were determined

by averaging at least six measurements of the diameter (0.3 sm) mode

with a metal rule. The paint was applied to the crystals with a I ml

pipet. Different coating thicknesses were achieved by diluting the paints

with the appropriate solvent prior to application. The coatings were

allowed to dry for several days at ambient conditions. The average

laboratory temperature was 23°C and the average relative humidity about

602. After the coating had dried the mask was removed by soaking the

crystal in an organic solvent. Several solvents have been used but

hemane was one of the best. It dissolved the sticky side of the tape

and had no apparent effect on the coatings. The crystals were

soaked to hexane for ten to fifteen minutes; then the mask was lifted

off with a pair of tweezer*. The mask vat inspected for vlsble

traces of metal. If metal flecks were found the crystal was considered

defective. Crystals were also classified as defective if any trace of the

mask remained imbedded io the paint, or if any pert of the paint became

detached from the crystal.

After the msks had been removed, the crystals were rinsed with

hexane and dried In laboratory air for at least several hours. The

frequency (fd) was then measured after equilibrating the crystals with

a dry atmosphere. The crystals were also weighed (wd) while being

desiccated.

At this stage the painted c dstale were ready for the diffusion

experiments. The crystals were placed in the holder with the paint spot

visible through the hole. The bolder wes then attached to the rest of

the oscillator assembly, and oscillation was confirmed with the

frequency counter or an oscilloscope. A saturated alt solution we
placed inside the cup. and the cup was raised to seal the Inner chmber.

Desiccant, or a econd salt solution, wes placed In the outer chamber

which was thee saled. Thermocouples were used to deteruiee the temper-

atures is beth the inaer end outer chambers. Uhee all therumocouple and

the frequency had attaired a steady state the printer we turned eo,

and the frequencosunter Wee adjusted for a 1 0 line period. A stopwatch
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was started, and the cup was dropped at a well-specified time. The

frequency (f) was automatically recorded every second for approxi-

mtely 100 seconds. Then the ties period was changed to ten seconds.

Frequency measurements were continued in this manner until a total

elapsed time of 300 seconds had pussed. Hot experiments had reached a
"steady state" in 300 seconds, but soe were extended up to 2 hrs. total

time.

Each crystal was tested at least twice for each step change in

relative humidity. The standard procedure was to allow the "closed-cup"

system 16 hours to reach steady state. The first experiment was

then conducted. When this experiment was complete (usually 5 to 20

sin.) the cup was raised again and the system was allowed to stand

for about 7 hours. A second experiment was then conducted as before.

The frequencies obtained from the two experiments were compared at each

timetterval. If both experiments wera In satisfactory agreement, the

results of the first run wve used to calculate the water diffusivity.

If the experiments did not agree the sequence was repeated.

&1. W. H. King. Research and Development, 28, April, 1969.

A2. W. N. King, Research and Development, 28. May, 1969.

33. J. G. Miller and D. 1. Dole(, J. Appl. Phys., 39. 4589 (1968).

94. J. G. Miller and D. I. Sol*f, J. Appl. Phys., 39. 5615 (1968).

AS. C. S. Lu and 0. Lewls, J. Appl. Phys., .a. 4365 (1972).

56. J. Crank, T te thematics of Rifusion, 2nd ad., Clarendon Press,
Oxford, 1975.

37. N. S. Carslav and J. C. Jeter, C£onm~iofL uRaIs oJlids,
2nd ad., Oxford University Press, Leedom, 199.

36. J. Crank and 0. S. Park, Us., iffusie ia Pol'sre. Academic
Frees, ev York, 1966
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APW(DIX 19

Exporlmwat*1 Results

Watr SolubilicY
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Table I1

GP-PUR Point Specime Used

In the Crystal Oscillator Apparatus

Crystal Point Paint
NuVber Nass Thickness

- (Ma) (log)
59 0.263 6.3

60 0.304 7.3

72 0.293 7.0

73 0.561 13.9

74 0.276 6.6
75 0.176 4.2

Table 52

Solubility of Water in GP-PUVR

Paint
Thickness Temp. Crystal SoLubtllty

Gm) (C) (8-N0/6-peiut)

4.2 31.1 75 1.79 3-2

6.3 31.0 59 1.86 1-2

6.6 31.3 74 2.06 1-2

7.0 31.9 72 2.05 ,-2

7.3 31.8 60 2.16 1-2

13.9 31.5 73 2.41 3-2

Average 2.06 -2

(a0.22 &-2)

The equilibrive vapor pressure of voter to

3.52 .Pa.

. i
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4.0
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=

Slope *7.95

S Int. -- 0.62

r a 0. 999
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PAINT MASS (mg)

Fi&. 59. Solubility of water in GP-P'R at 30.6*C.
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Table B3

FP-PUR Paint Specimens Used

in the Crystal Oscillator Apparatue

Paint Paint
Crystal Mass Thickness
Number (m-A) - Go)

77 .164 4.0

78 .218 5.3

62 .248 6.0

76 .258 6.3

61 .370 8.9

Table 814

Solubility of Water in P-PUR*

Paint Crystal Solubility
Thikness Temp. Number (MO/ it)

(im) (C) 2

'.0 32.0 77 2.55 x lo- 3

5.3 32.0 78 2.91, x 102

6.0 31.9 62 2.63 x 102

6.3 32.0 76 2.96 x 10 2

8.9 31.9 61 2.87 x 10- 2

4.0 35.9 77 2.22 x 10 - 2

5.3 35.9 78 3.17 x 102

6.0 35.8 62 2.28 x 10 - 2

8.9 35.7 61 2.88 x 10 2

4.0 40.4 77 2.08 x 10 2

5.3 40.2 78 2.56 x lo-2

6.0 40.5 62 2.28 z I02

8.9 40.3 61 2.33 x 102

E Equilibrium vapor pressure of water is 3.52 kP?.
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Table 55

TI-9poxy Point Specimens Used
in the Crystal Oscillator Apparatus

Crystal paint Paint
Number mass Thickness

(ma) (usn)

57 .276 5.6

s8 .106 2.2

79 .204 4.1

a1 .070 1.4

Table 36

Solubility of Water in YI-Epoxy*

Paint Crystal Solubility
Thickness TOW - Number (- 2 1-en

GE) (6C) I 205alt

1.4 30.5 81 1.96 1-2

2.2 30.7 so 6.90 1-3

4.1 30.1 79 1.43 1-2

5.6 30.7 57 1.25 1-2

Average 1.39 1-2

a (4:0.45 1-2)

*The equilibrium vapor pressure of water is. 3.52 kla.
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Table 37

Water Diffusivity in T?-PtU

Crystal 077. 0.166 mg of Paint

Thickness , 6.0 us

10 f iia: lve

10 x Diffusivity Hu dity Teaperaturo Date of
Range Experisent

, c ,2 /8) , t (OC)

26.4 0 - 81.7 30.9 4/13/83

29.6 0- 28.4 31.2 5/16/83

25.8 27.9 - 55.1 31.7 6/1/83

15.6 54.8- 76.1 31.9 6/16/83

12.6 76.1 - 93.7 31.5 6/29/83

36.1 0- 27.1 35.2 8/11/83

32.6 26.1 - 53.9 35.6 8/4/83

26.1 53.7 - 75.7 35.7 7/22/83

16.1 75.6 - 92.8 35.5 7/20/83

50.2 0 - 25.8 39.1 6/22/63

33.3 25.8 - 53.0 38.8 8/29/63

(0

£06 * I'
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Table A8ii Water DIffusivity in f"-PUR

Crystal D 78, 0.218 mg of Paiit

Thickness - 5.3 us

Relative
10 x Diffusivity Humldity Temperature Date of

Rane Experiment

(co , () _ (0c)

75.5 0 - 61.7 30.7 4/18/83

75.5 0 - 28.3 31.4 5/18/83

75.5 27.9 - 55.1 31.7 5/20/83

53.9 54.9 - 76.2 31.3 6/24/83

42.7 76.1 - 93.7 31.5 6/27/83

75.5 0 - 26.9 35.6 8/10/83

75.5 26.7 - 53.9 35.6 8/6/83

80.0 53.8 - 75.6 35.6 7/22/83

60.5 75.6 - 92.7 35.8 7/21/83

75.5 0 - 25.9 38.9 8/24/83

75.5 25.6 - 53.0 38.8 8/25/83
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Table 59

water Diffusivity in 1P-PlI

Crystal 062, 0.248 mg of Paint

Thickness - 6.0 us

10~ Relative

0 O x DffusIvlty Humidity Temperature Date ef
Range Experiment

(cm 28 ,.s. (2) ,,(0C)

43.1 0 - 81.9 29.5 9/13/83

38.9 0 - 28.4 31.2 5/16/83

45.5 27.8 - 55.1 31.9 6/7/83

28.8 54.8 - 76.1 31.8 6/13/83

27.7 76.1 - 93.7 31.2 7/5/83

60.5 0 - 27.0 33.3 8/12/83

68.0 26.7 - 53.9 35.5 8/3/83

44.2 53.7 - 75.6 35.7 7/25/83

36.2 75.6 - 95.8 35.3 7/15/83

75.5 0 - 25.8 39.1 8/17/83

75.5 25.8 - 53.0 38.8 8/31/83

Table 510

Water Diffuslvity in !P!1

Crystal *76, 0.258 ag of Paint

Thickness * 6.3 us

1Relative
10 x Diffusivity Nuaidity Temperature Date of

Range Expertment

(cm/s (8 (90

36.3 0 - 81.7 30.7 4/14183

35.8 0 - 28.4 31.5 3/17/3

36.4 27.9 - 35.0 31.9 6/6183
22.3 54.8 76.1 31.9 6/15/83

20.9 11.5 -$3.7 31.6 6/30/83
29.8 7 5.6 92.6 35.5 $7/18/83
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Table 51

Water Diffusivity in TFI-PUt

Crystal 061, 0.370 a& of Point

Thickness - 8.9 us

1100 x Diffusivlty Nualdity Teaperture Date of
Range Experlmt

(cm2 /0) (1) (C)

39.4 0 - 51.5 29.3 9/10/82

34.4 0 - 28.3 31.4 5/9/83

40.3 27.9 - 55.1 31.8 6/9/83

34.7 54.8 - 76.0 31.8 6/10/63

32.4 76.1 - 93.6 31.5 7/6/63

54.9 0 - 26.9 35.8 8/15/83

64.4 26.9 - 54.0 35.3 5/1/53

56.0 53.9 - 75.7 35.2 7/29/53

43.6 75.6 - 92.5 35.2 7/14/53

75.5 0 - 25.9 39.1 5/16/53

75.5 25.6 - 52.5 39.8 9/2/83
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Table 512

Water Dlffusivlty In GP-PUM

Relatlv*

D 10  liumidity
laMe Temp. Date Crystal

(cm 2 /) (2) 'C)

23.6 0 - 32.7 31.3 10/28/83 75

15.3 34.6 - 55.2 31.2 10/31/63 75

10.0 59.2 - 76.5 29.6 11/16/53 75

10.9 80.1 - 94.0 30.0 11/18/83 75

29.3 0 - 32.8 31.1 10/19/83 59

19.3 34.3 - 55.2 31.2 11/9/83 59

9.7 58.1 - 76.4 31.3 11/10/53 59

7.9 76.4 - 94.1 30.2 1/17/84 59

31.2 0 - 32.8 31.1 10/26/83 74

30.3 34.6 - 55.5 30.9 11/1/83 74

27.9 58.1 - 76.3 31.2 11/16/83 74

10.7 51.0 - 94.2 29.6 11/22/83 74

27.2 0 - 32.9 31.3 10/24/683 72

15.9 34.4 - 55.5 31.0 U/3/03 72

10.6 57.8 - 76.4 31.1 11/14/3 72

9.9 76.4 - 94.0 30.0 1/11/84 72

31.9 0 - 32.7 31.3 11/21/83 60

21.4 34.5 - 55.5 31.1 11/8/83 60

l.5 $7.5 - 76.1 31.3 11/11/53 60

5.5 76.5 - 9.1 29.9 1/17/84 60

30.9 0 - 34.6 31.2 10/25/83 73

19.6 36.2 - 54.8 31.4 11/3/83 73

26.1 57.6 - 76.3 31.0 11/15/03 73

19.6 76.5 - 94.0 30.4 11/20/83 73

1oe
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Table 113

Water Diffusivtty in YP-Epoty

10 Relative Humidity Date of

10 x Diffusivity Rang Tamp. Experiment Crystal Number
(cm 2 1I) (Z) (OC)

78.44 0 - 36 29.7 2/17/84 57

50.84 34 - 56 30.5 2/7/84 57

31.33 55 - 76 30.9 2/3/84 57

17.44 76 - 94 29.8 1/19/84 57

70.22 0 - 34 30.3 2/16/84 58

10.47 34 - 55 30.8 2/8/64 58

6.74 56 - 76 30.6 2/3/8 58

2.87 76 - 94 29.7 1/23/84 58

64.66 0 - 32 26.7 2/21/84 79

23.41 33 - 56 29.1 2/10/84 79

7.09 55 - 76 31.2 2/1/84 79

4.42 76 - 92 30.0 1/24/84 79

4.75 0 - 33 28.3 2/13/864 81

2.76 34 - 56 29.3 2/13/84 61

1.25 56 - 76 30.6 2/21" &1

0.92 76 - 99 30.1 1/26/864 81
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